Winding layout for the PMSM of Most early PM motor research was on the PMSM motor, which was thought to have an inherently low stator inductance. A low stator inductance can lead to currents dangerously exceeding rated current as the back-emf across the inductance increases with speed; consequently, part of the attempted solution has been to increase the stator inductance to reduce the rate of current rise. Although analysis suggested that there should be no problem designing sufficiently high stator inductance into PMSMs, attempts to do so were often not successful and a motor design was sought that would have a higher intrinsic inductance.
LIST OF TABLES
Commercial research at Toyota has focused on IPM motors because they can achieve a highsaliency ratio, which helps them operate over a high constant power speed ratio (CPSR), but they are more difficult to fabricate. The Oak Ridge National Laboratory's (ORNL) position has been to continue research on brushless direct current (dc) motors (BDCMs) because of ease of fabrication and increased power output.
Recently there has been a revival of interest in a fractional-slot PMSMs [15] made with concentrated windings because they possess three important features. First, they can increase the motor's inductance sufficiently to reduce the characteristic current to value of the rated current, which will enable them to operate at high CPSR. This feature also limits short-circuit fault currents. Second, their segmented structure simplifies assembly problems and is expected to reduce assembly costs. Third, the back-emf waveform is nearly sinusoidal with low cogging.
To examine in depth this design ORNL entered into a collaborative agreement with the University of Wisconsin to build and test a 6 kW laboratory demonstration unit. Design, fabrication, and testing of the unit to 4000 rpm were completed during FY 2005. The motor will be sent to ORNL to explore ways to control its inverter to achieve higher efficiency during FY 2006. Most early PM motor research was on the PMSM motor, which is thought to have an inherently low stator inductance, L stator . A low stator inductance can rapidly lead to excessive current, i, above rated current as the voltage across the inductance, V, increases with speed according to the relation i~Vt/L stator . This relation comes from integration of Lenz's law over short times. Consequently, part of the solution was to increase the stator inductance to reduce the rate of current rise. Although analysis suggested that there should be no problem designing sufficiently high-stator inductance into PMSMs, attempts to do so were often not successful and a motor design was sought that would have a higher intrinsic inductance. Commercial research at Toyota has focused on IPM motors because they can achieve a high-saliency ratio, which helps them achieve high constant power speed ratios (CPSRs), but they are much more difficult to fabricate. Oak Ridge National Laboratory's (ORNLs) position has been to continue research on brushless direct current (dc) motors (BDCMs) because of ease of fabrication and increased power output.
Recently there has been a revival of interest in a fractional-slot PMSM made with concentrated windings because they exhibit two very pertinent features. First, they can achieve a stator inductance that is large enough to bring the motor's characteristic current down to the value of the rated current, which will enable them to operate at high CPSR. Second, they are much easier to fabricate.
CURRENT AND VOLTAGE OPERATING REGION
To illustrate how current and voltage regions are determined, we consider the IPM motor of Fig. 1 [1] . Using the Blondel transformation, under which power and peak current are invariant under transformation, we make an axis transformation from the sinusoidally varying a, b, and c phase current and voltage coordinates in a stationary reference frame to a synchronously rotating frame in which the currents and voltages are constants during steady state operation. The rotating frame is synchronous because its rotational speed is the same as that of the sinusoidally varying voltage source. The axes in the rotating frame are labeled d, which is chosen to be aligned with a magnet, and q, which is 90 electrical degrees away from the direct-axis (d-axis) along the iron axis as shown in Fig. 1 [2, 3] . The equations of motion become
and
Since i q and i d are constant during steady state operation, which means that di q /dt = di d /dt = 0, the quantities in brackets are zero. Multiplying the bracketed terms in Eqs. (1) and (2) by i q and i d respectively and rearranging to obtain the developed power, P -i 2 R s , one finds that, neglecting core losses, the available torque for three phases and m/2 pole pairs is The rightmost bracketed term is the torque developed per pole, which is multiplied by the number of pole pairs, m/2, and a factor, 3/2, which makes the power invariant under transformation. In the stationary system when the peak supply currents, I A , I B , and I C , and voltages, V A , V B , and V C are balanced so that I A = I B = I C and V A = V B = V C , the transformed power in terms of the current and voltage in the rotating system and in terms of the stationary system is [ ]
where β = the angle between the supply voltage and current in the stationary system, I rms = the root-mean-square (rms) current in the balanced stationary system, and V rms = the rms voltage in the balanced stationary system.
Likewise, the square of the current and voltage in the rotating system are related to the square of the peak voltage in the stationary system, 
For di q /dt and di d /dt not equal to zero, Lopez et al. [4] developed a control scheme where they consider non-zero resistances; however, we shall assume that the resistances are negligible and look at the steady state response where all time derivatives are zero. As mentioned, Eqs. (1) and
The locus of constant rated voltage, V r , and constant rated current, I r , can be expressed as 
We now substitute Eqs. (6) and (7) into Eq. (8) to obtain
Rewriting Eq. (10) we obtain
The voltage frequency ratio, which has the units volt-sec, plays the critical role here and is given the symbol, ψ m , where (12) and is the flux linkages due to the magnet. From Faraday's law, we know that volt-sec equals Nφ or Weber-Turns. Since the reluctance of the quadrature path is smaller than the reluctance through the direct path because of the magnet thickness, L q is larger than L d , we now have the three equations
which means that for an IPM motor, the value of i d must be negative or torque is lost. For a PMSM motor whose L q = L d , negative i d is used to oppose the magnet flux with no torque penalty; however, the additional current needed for field weakening produces resistance losses and leads to lower efficiency.
CHARACTERISTIC CURRENT OF A PM MOTOR
We note that i d is the flux-producing component of stator current and i q is the torque-producing component of stator current. From Eqs. (9) and (12), it is seen that the locus of constant rated current I r in the (d,q) plane is a circle centered at the origin and the locus of constant rated voltage is an ellipse centered at (-ψ m /L d , 0). If the motor has surface PMs (SPMs), the ellipse becomes a circle; however, the ellipse shrinks as the motor speed, ω e , increases. The two loci are shown in Fig. 2 . The motor/inverter must operate within the crosshatched intersection, but as the speed increases and the ellipse shrinks this intersection can disappear depending on the value of ψ m /L d . This parameter is so important we give it the name "Characteristic Current" and the symbol I x , We can now see the importance of I x by noting that if the locus of constant rated current intersects the center of the voltage ellipse, then even though the ellipse shrinks there will be an intersection. We summarize with the statement, "If a lossless motor is designed such that its rated current is equal to the characteristic current, it will have an infinite CPSR."
RESEARCH SUMMARY
In the 1980's Sneyers, Novotny, and Lipo [5] first investigated the viability of IPM motors as traction devices and were followed in 1987 by Jahns [1] . Then Schiferl and Lipo [6] in 1990 developed the criteria for optimum field-weakening design criteria expressed by Eq. (16).
However, the seminal paper was that of Soong and Miller [7] . In this paper they normalized the parameters of the motor and introduced the concept of the IPM parameter plane. For the SPM motor, they chose as a design parameter the normalized flux linkage, ψ mn , of Eq. (12). For optimal performance defined to allow infinite CPSR, this value must be 
They further state that X s is typically in the range of 0.3-0.35.
Both papers concentrate on IPM motors and present day research efforts have followed this trend. While neither paper states that optimum SPM value cannot be obtained, the general thinking has been that 1. Since the magnet is the only source of air-gap flux density, ψ m must be large, and 2. Since the magnet acts like an additional air gap, the d-axis inductance must be low.
However, the SPM motor is much easier to manufacture than the IPM motor and research efforts have continued with the emphasis on techniques for increasing L d of Eq. (14) . In this report, we summarize these research efforts and how they apply to the FCVT program.
REPORT OUTLINE
In Chapter 2 we present our solution to increasing the d-axis inductance of an SPM, namely the use of fractional-slot concentrated windings and how it differs from an integral-slot motor with sinusoidal-distributed windings.
Chapter 3 presents analytical and experimental results for a 6 kW 36-slot, 30-pole motor with concentrated windings.
In Chapter 4, we present a PMSM design with integral-slot windings that appears to meet the FCVT and desirable advanced hybrid electric vehicle (HEV) traction motor specifications but has some disadvantages.
FRACTIONAL-SLOT CONCENTRATED WINDINGS

INTEGER-SLOT WINDINGS
Before discussing fractional-slot windings, we review coil parameter definitions and discuss integer-slot windings using as an example the three-phase PMSM with surface-mounted magnets as shown in Fig. 3 . To review coil parameters, recall that each coil, which has two sides and two ends, is rectangular with opposite sides referred to as side 1 and side 2 lying in two slots whose angular separation is the coil pitch, τ p . This angular separation may be defined in mechanical radians, ω m , or more usefully in electrical radians, ω e , where ω e = ω m p and p is the number of pole pairs. The angular separation of the two sides determines if the winding is integer-slot or fractional-slot. Angular separation of opposite sides of the coil is referenced to the angular width of one magnet pole so that the word fractional in the term fractional-slot means the fraction of a magnet covered by the coil. 
Since this parameter is an integer, we refer to the winding as an integer-slot winding. Typically, these motors have double-layer winding, which means each slot will contain coil sides from two different coils; consequently, there are as many coils as slots. This motor could be wound as a single-layer winding with only 12 coils each wound in slots 180° apart, but there are advantages to the double layer.
PMSM's have sinusoidal back-emfs and thus must have sinusoidal-distributed windings. The two choices are (1) full pitch or (2) fractional pitch; often termed short chorded because the chord connecting coil side 1 and coil side 2 is shorter than one required to cross a complete magnet pole. A fractional-pitch winding is determined by the ratio of the coil span to the magnet span. If this ratio is unity, the winding is full pitch and if the ratio is less than unity the winding is fractional pitch (short chorded). If this ratio is less than unity, the back-emf will be decreased.
EXAMPLE OF A FRACTIONAL-PITCH WINDING
A sinusoidal-winding configuration of a fractional-pitch winding for the motor of Fig. 3 is summarized in Table 1 and shown in Fig. 4 for a coil with 10 turns. The slot pitch is 15 mechanical degrees, which for two pole pairs (four poles) makes the pitch of one distributed winding 30 electrical degrees. For a full pitch coil, side 1 of coil 1 is in slot 1 and side 2 is in slot 7; however, in Fig. 4 if coil side 1 is in slot 1, side 2 is in slot 6 and we have short chorded by one slot to make the coil span 150 electrical degrees. Since one magnet pole spans 180 electrical degrees, the pitch of this winding is 5/6. The decrease in the back-emf due to the fractional-pitch winding is given by the product of the full pitch back-emf and the pitch factor, k pn , [3] whose magnitude for any harmonic, n, is
Thus by using a fractional-pitch winding and the right-coil span, we can eliminate any harmonic. In our case, the coil span is 150 electrical degrees and the fundamental-voltage component is decreased due to the pitch factor by There is another factor due to the fact that the coils are distributed in space and are displaced from each other by the slot pitch. For an alternating current (ac) winding with m coils per pole per phase, there is a distribution factor k d [3] where 
We combine these two factors into a winding factor, k w1 , where
Winding factors for the harmonics are developed in [3] .
For three-phase PMSM, the open-circuit rms phase back-emf [14] is
where k w1 = fundamental winding factor, N ph = series turns per phase, φ m1 = fundamental flux due to the magnet, and f = stator electric supply frequency.
In normal operation, the stator electrical supply frequency (in rad/sec) is made equal to the rotational frequency,
The mechanical angular velocity is
where p = pole pairs.
The rms flux linkages of Eq. (10) is
and Eq. (23) now becomes
The subscript q indicates E is along the q-axis. Using the phase notation of Adnanes and Undeland [8] normalized and used the d-axis reactance, x s , to obtain Eq. (16). The d-axis reactance, x s , consists of two parts, the gap reactance x g and leakage reactances
These formulae are not detailed enough to design a real life motor, but they do emphasize the "sine quo non" for a viable PMSM. We now recap these necessities:
(1) The winding configuration must produce a three-phase set of voltages that are balanced; i.e., of equal magnitude and separated by 120 electrical degrees. (2) The winding factor affects the back-emf and must be high enough to minimize copper loss. (3) The rms flux density due to the magnet φ m1 directly affects the torque and must be relatively large. (4) The d-axis and reactance, x s , does not enter into torque production but determines the voltage ellipse of Fig. 2 and hence the CPSR.
Items (3) and (4) above illustrate the predicament discussed in Chapter 1 and in Eq. (10); i.e., ψ m is high and x s is low.
We now look at concentrated fractional-slot windings and their effects on kw and x s .
Fractional-Slot Concentrated Windings
It is well known that fractional-slot windings have the advantage of behaving as a winding with many spp [9] , thus reducing the distribution factors of the harmonics. Liwschitz [10] has developed the distribution and pitch factors of the harmonics of fractional-slot windings. However, these windings were developed for standard ac machines.
With the emergence of the PMSM with IPMs, the sinusoidal-distributed winding became the winding of choice. However, it was recognized that there were disadvantages [11] which increased the costs in the manufacturing process. The stator became a prime target for cost reduction efforts and concentrated coils [11] , where each coil is wound around one tooth became a viable candidate by allowing segmented stator poles and a high slot fill factor (70% compared to 50%). Figure 6 shows the different winding configurations. During this time frame, the electromagnetic design and performance characteristics of PMSMs with surface-mounted magnets and concentrated windings were presented in two papers [12, 13] . Two important observations are evident:
(1) There are combinations of slots and poles that allow a fractional-slot concentrated winding to have a high-winding factor and a balanced three-phase output (Table 1 of [12] ), and (2) A characteristic of concentrated windings [13] is that they generate both odd and even magneto-motive force (mmf)-waves which leads to increased leakage inductance. This would also increase the d-axis inductance, L d , of Eq. (14) and (30) and hence the CPSR of the motor.
The major conclusion of this paper was that SPM machines could be designed to achieve optimal flux-weakening conditions by introducing concentrated fractional-slot stator windings. By optimal conditions, it is meant that the d-axis inductance L d of Eq. (14) can be achieved.
As of this time frame, there were no previous publications that describe specific design techniques for applying such windings to achieve optimal flux-weakening conditions in SPM machines.
This need was then met by El-Refaie and Jahns [15] of the University of Wisconsin when they developed a design technique and applied it to the design of a 36 slot, 42 pole PMSM with fractional-slot concentrated winding and surface-mounted magnets.
The results showed promise as a candidate for the FCVT program and ORNL entered into collaboration with the University of Wisconsin to have them build and test a 6 kw, 36-slot/30-pole PMSM with SPMs and concentrated fractional-slot windings. ORNL would use the SPEED program to model the motor and verify its performance with the test data. The experimental results are now available and will be discussed in the next chapter.
INTRODUCTION
The 6 kW, 36-slot/30-pole concentrated winding fraction-slot motor funded by ORNL has now completed its verification testing cycles and both the results and the analytical techniques utilized in the design are published [15] . The basic repeating unit of the SPM machine is shown in Fig. 7 . The design data and calculated parameters are summarized in Tables 2-6 . The analytical and experiment results of the verification tests are shown in Table 7 . It is noteworthy that bonded neodymium-iron-boron magnets were utilized to minimize eddycurrent losses in the magnets. Because of its relatively low Br (0.55T) and relative permeability μr (1.22), its length of 13 mm is large compared to that of an induction motor (IM). Also unlike IMs, the slot-leakage inductance was almost a factor of four higher than the self inductance.
C-C+
The important result is shown in Table 5 
This means the d-axis inductance L d is higher than the optimal value so that the rated current is smaller than the characteristic current; however, as seen in Table 7 and in [15] the motor meets its goal of CPSR = 6.
We now compare the results with the results of the ORNL calculations, which employ the SPEED software.
ORNL 6 kW FRACTIONAL-SLOT MOTOR MODEL WITH CONCENTRATED WINDINGS
Using the data from Table 1 , the motor as represented in the SPEED program is shown in Fig. 8 . The nomenclature is shown in Figs. 9 and 10. Table 8 shows the coil locations and shows that this is indeed a single-layer winding. Each of the 18 coils is wrapped around a separate tooth and each slot has only one coil side inserted. Figure 11 is the winding diagram for one phase. Comparing Figs. 8 and 11 with Fig. 7 we find that the repeating unit of 6 stator slots and 5 poles is evident. Calculations by the University of Wisconsin and ORNL for the 6 kW fractional-slot motor with concentrated windings are compared in Table 9 . The most significant deviation is the 33% difference of the back-emf. In discussions with the University of Wisconsin, it was determined that SPEED uses a one-dimensional analysis to model the air-gap flux density, whereas the University of Wisconsin uses the technique of Zhu [17] , which is based on a two-dimensional solution of LaPlace's equation. Using this technique, the back-emf of Fig. 12 was generated. From its harmonic content, as shown in Fig. 13 , the fundamental rms back-emf per phase at 800 rpm becomes The MATLAB program used to calculate the back-emf and harmonic content are listed in Appendix A.
In general, there is good correlation between ORNL and the University of Wisconsin analyses and the actual motor response. The 6 kW motor, as analyzed in the SPEED program, can be approximately modeled by the circuit of Fig. 14 . The winding resistances differ, but they do not dramatically affect the results. 
EFFECT OF STATOR SLOTTING [16]
Slotting influences the magnetic field in two ways:
1. It reduces the total flux per pole by increasing the effective air gap. This effect is accounted for by the Carter Coefficient, k c ; and 2. It affects the distributions of the flux in both the air gap and the magnets.
To account for the second effect, the Fourier permeance function, λ(θ), is introduced in Fig. 15 . The back-emf is then multiplied by this function for the corrected back-emf, which is given by
The MATLAB program used to calculate this function is in Appendix A.
E φ 90 ο = j45 · Ω rpm 800 0.071 mΩ 1.3 mh 
MODEL OF AN INTEGER-SLOT PMSM THAT CAN MEET FCVT AND DESIRABLE ADVANCED HEV TRACTION MOTOR SPECIFICATIONS
The next step in ORNLs FCVT program is to collaborate with the University of Wisconsin to design, build, and test a fractional-slot motor with concentrated windings and other PMSMs that meet the FCVT specifications in Appendices B.1 and B.2 along with desirable industrial specifications in Appendix B.3.
At the same time, ORNL is pursuing the design of an integral-slot motor. The intent is to use this design to show why the fractional-slot motor is a viable candidate for the FCVT traction drive. A preliminary design of such an integral-slot motor is discussed in the following sections.
ORNL'S INTEGRAL-SLOT MOTOR
The preliminary design is shown in Fig. 16 . Recognizing that the losses will play a large role in this design, the lamination material was chosen as Arnon 7, which is 7 mils thick. The parameters used in the analysis are shown in Tables 10-13 . From the SPEED program the fundamental flux due to the magnet is 1.462 mWb. Lawler [18] shows that the optimum L d was
From 
however, as seen in Table 11 the actual inductance is 0.299 mh, which is more than necessary. Even so, the goal of 30 kW over the speed range from 2,000 to 10,000 rpm is met as shown in Table 12 . The problem is in attaining 55 kW at 2,000 rpm. This will be addressed in the next phase of research.
CONCLUSIONS
The biggest contributor to the phase inductance is the slot inductance. This places a premium on the design of the slot-opening configuration and must be considered further. The slots are long and slender and are not necessarily the optimal design. This could pose problems in forming the laminations.
The results of the losses in the magnet seem low. Next year's research will explore calculation of magnet and core losses.
The higher fill factor of the concentrated winding allows a more compact motor, which leads to higher power density and higher specific power.
For the 6-kW motor with soft magnetic material with a lower remanence requiring larger thicker magnets, values from the two-dimensional Zhu method of calculating back-emf compare more favorably with experimental data than values from the one-dimensional method.
The 6-kW motor analyzed with SPEED software was also modeled with a per-phase equivalent circuit. The two analyses compared well with the experimental University of Wisconsin results.
The affect of stator slotting on permeance of the 6-kW motor has been calculated and compares well with the University of Wisconsin calculations.
Desirable industrial specifications in Appendix B.3, which point out that an advanced cooling technique is a major requirement for this motor, call for 55 kW for 18 seconds at 2000 rpm. By extrapolating data from Table 12 , we see that this amount of power will require The current and bus voltage exceed the maximum specifications, which are 400 A and 200 V. Design changes to eliminate this problem will be explored in the next phase of this study.
The greater than 93% efficiency requirement for 20% rated torque at speeds from 2000 rpm to 10,000 rpm (Appendix B.3) could be difficult to attain. This will place a premium on the type and thickness of the laminations.
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